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INTRODUCTION 

High-temperature  spec t roscopy i s  emerging as a s u b j e c t  of 

c o n s i d e r a b l e  i n t e r e s t  from s e v e r a l  d i f f e r e n t  p o i n t s  o f  view. I n  

t h e  f i rs t  p l a c e  it i s  impor t an t  t o  r ecogn ize  t h e  very  c lose  

connec t ion  between b a s i c  problems i n  s o l a r  and s t e l l a r  

a s t r o p h y s i c s  and t h o s e  encountered  i n  d i agnos ing  t h e  p r o p e r t i e s  

o f  l a b o r a t o r y  plasmas w i t h  e l e c t r o n  t empera tu res  i n  

t he  lo4 O K - 1 0 7  OK r ange .  . I n  b o t h  l a b o r a t o r y  and s th l la r  

plasmas t h e  emis s ion  of  r a d i a t i o n  can  p l a y  a n  impor t an t  r o l e  

i n  de t e rmin ing  the  o v e r - a l l  energy b a l a n c e .  

I n  c o n t r o l l e d  thermonuclear  f u s i o n  r e s e a r c h ,  t h e  p resence  

of small c o n c e n t r a t i o n s  (1% o r  l e s s )  of  high-2 i m p u r i t y  i o n s  i n  

a n  o t h e r w i s e  pure  deuter ium plasma can  g i v e  r i s e  t o  a n  ex t r eme ly  

h i g h  r a d i a t i v e  energy  l o s s  r a g e .  Such l o s s e s  p r e s e n t  a s e r i o u s  

o b s t a c l e  t o  a c h i e v i n g  s u c c e s s  i n  v a r i o u s  thermonuclear  e n t e r p r i s e s .  

There i s  a l s o  i n t e r e s t  i n  t he  u t i l i z a t i o n  o f  h igh  t empera tu re  

plasmas as l i g h t  sou rces  , e s p e c i a l l y  i n  t h e  vacuum u l t r a v i o l e t .  

F o r  example,  it has been f r e q u e n t l y  p o i n t e d  o u t  t h a t  t he  s y s t e m a t i c  

g e n e r a t i o n  of  h i g h - e x c i t a t i o n  s p e c t r a  of  m u l t i p l y  i o n i z e d  atoms i n  

l a b o r a t o r y  plasmas o f  approximate ly  known d e n s i t y ,  composi t ion ,  

and e l e c t r o n  t empera tu re  would g r e a t l y  a i d  i n  t h e  i d e n t i f i c a t i o n  

o f  r o c k e t  and s a t e l l i t e  s p e c t r a  of t h e  solar corona .  

The t i m e - h i s t o r y  and a b s o l u t e  i n t e n s i t i e s  o f  t h e  vacuum 

u l t r a v i o l e t  emis s ion  spectrum can  a l s o  g i v e  v a l u a b l e  i n f o r m a t i o n  

on c o l l i s i o n a l  and r a d i a t i v e  p r o c e s s e s ,  i . e . ,  t r a n s i t i o n  

p r o b a b i l i t i e s ,  e x c i t a t i o n  and recombinat ion c c o s s - s e c t i o n s ,  

i o n i z a t i o n  r a t e s  and the  l i k e .  



I n  t h i s  paper  w e  s h a l l  g ive  an  account  of  some numer ica l  _ _  --- 

c a l c u l a t i o n s  of  t he  i m p u r i t y - r a d i a t i o n  l o s s e s  and c o o l i n g  

of a deutecium plasma produced by h igh -cu r ren t  e l e c t r o d e l e s s  

d i s c h a r g e s  i n  low-inductance,  s i n g l e - t u r n  c o i l s  (e -p inches  ) . 
E l e c t r o n  t empera tu res  i n  t h e  l o 6  OK range have been measured 

i n  a number o f  l a b o r a t o r i e s  from the  s o f t  x-ray r a d i a t i v e  
--\ 

I .  

recombinat  ion-bremsstrahlung continuum e m i t t e d  by such  

plasmas and i t  i s  p o s s i b l e  to make a s e m i - q u a n t i t a t i v e  

comparison of  t he  t h e o r y  w i t h  avai lable  expe r imen ta l  data .  

The p r e s e n t  c a l c u l a t i o n s  are of  a p r e l i m i n a r y  n a t u r e  

and o n l y  s e r v e  t o  i n d i c a t e  t h e  i n f l u e n c e  of  r a d i a t i v e  energy  

losses  on t h e  hydromagnet ic  behavior  of t h e  plasma. More 

d e t a i l e d  hydromagnet ic  c a l c u l a t i o n s  are i n  p r o g r e s s  (McWhirter , 
K o l b ) .  These are based on a Coronal  P lasma model f o r  t h e  

r a d i a t i o n  i n  much t h e  same way a s  has been done e a r l i e r '  f o r  

a homogeneous plasma. The new c a l c u l a t i o n s  y i e l d  t h e  

t ime-dependent  i n t e n s i t i e s  of  va r ious  s p e c t r a l  l i n e s  which 

depend on t h e  t i m e  and space v a r i a t i o n s  of  tempera ture  and 

~ ~~ ~ 

1. Hobbs, G .  D . ,  R .  W .  P .  McWhirter, W .  G .  G r i f f i n  and T .  J .  

L .  Jones ,  Proceedings  V I n t e r n a t i o n a l  Conference on 

I o n i z a t i o n  Phenomena i n  Gases.  Munich p .  1965 (1961) 
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* *  

d e n s i t y .  Desp i t e  t h e  comparat ively h i g h  e l e c t r o n  d e n s i t i e s  

( d o l 7  ~ m - ~  ) of t h e s e  plasmas i t  is  cons ide red  t h a t  t h e  

Coronal  model i s  a p p l i ~ a b l e ~ ' , ~ , * ~  because o f  t h e  h igh  hharge 

of  t h e  i o n s  produced a t  t h e s e  t empera tu res  (>io5 OK ) .  One 

g o a l  of  t h e  more d e t a i l e d  t h e o r y  i s  t o  compute t h e  t ime-dependence 

of  t h e  s t r o n g e s t  i o n i c  s p e c t r a l  l i n e s  for comparison w i t h  

experiment  i n  o r d e r  t o  g a i n  informat ion  on t h e  h e a t i n g  mechanisms 

and t h e  v a l i d i t y  of t h e  hydromagnetic t h e o r y  as a p p l i e d  t o  

t h e  fas t  magnet ic  compression o f  plasmas. 

HYDROMAGNETIC EQUATIONS AND HEATING MEXHANISMS 

The two- f lu id  ( i o n s a n d  e l e c t r o n s )  hydromagnet ic  0-pinch 

e q u a t i o n s  coded ea r l i e r  f o r  a d i g i t a l  c o m p ~ t e r ~ ~ ' , ~  have been 

modi f ied  t o  t a k e  i n t o  account  the r a d i a t i o n  l o s s e s  due to t h e  

2 .  

3 .  

4 .  

5. 
6 .  

7 .  

D .  R .  Bates, A .  E .  Kingston and R .  W .  P .  McWhirter, 

Proceedings  Royal S o c i e t y .  (London) A -9 267 297 ( 1 9 6 2 ) .  

R .  Wilson, J .  Quan. S p e c t .  and Rad. T r a n s f e r  2, 477 (1962) .  

H .  R .  G r i e m ,  V a l i d i t y  of Loca l  Thermal Equ i l ib r ium i n  

P la sma  Spec t roscopy ( t o  be publ i shed  i n  P h y s i c a l  Review).  

K .  Hain,  UKAEA r e p o r t  AERE-R3383 Pinch Col lapse  (1961) .  

K .  Hain,  G .  Hain,  K .  V .  Roberts ,  J .  J .  Rober t s  and 

W .  K6ppendErfer,  N a t u r s f o r s c h . ,  - 154 1039 (1960). 

K .  Hain and A .  C .  Kolb, Nuclear  Fus ion ,  1962 
Supplement ,  P a r t  2,  p .  561. 
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. ,  e l e c t r o n i c  e x c i t a t i o n  and r a d i a t i v e  decay o f  t h e  lowes t  

e x c i t e d  s ta tes  o f  i m p u r i t y  i o n s .  The r a d i a t i o n  c o o l i n g  

of the  e l e c t r o n s  i s  t h e r e f o r e  t aken  i n t o  account  t o g e t h e r  

w i t h  t h e  jQule h e a t i n g ,  compress iona l  h e a t i n g  and energy  

t r a n s p o r t  by thermal conduc t ion .  The i o n  t empera tu re  i s  

c o n t r o l l e d  mainly by compression and e l e c t r o n - i o n  thermal 

r e l a x a t i o n ,  However, t h e  f u l l  non- l inea r  t h e o r y  a l s o  takes 

i n t o  account  shock h e a t i n g  o f  t h e  i o n s  when i t  i s  impor t an t  

+ 

(a t  h i g h  Mach numbers) 7 ~ 8 ~ .  For  t he  e x p e r i m e n t a l  c a s e s  

d i s c u s s e d  l a t e r  t h e  shock s t r u c t u r e  i s  de termined  mainly by 

the  r e s i s t i v i t y  s i n c e  t h e  plasma v i s c o s i t y  i s  r e l a t i v e l y  small. 

Consequent ly ,  t he  J o u l e  h e a t i n g  rate of  t h e  e l e c t r o n s  i s  

g r e a t e r  t h a n  t h e  shock h e a t i n g  of  i o n s  due t o  t h e  work done 

a g a i n s t  v i s c o u s  s t resses .  For a pure  deu te r ium plasma,  one 

t h e r e f o r e  e x p e c t s  t h a t  t h e  e l e c t r o n  t empera tu re  w i l l  exceed 

t h e  i o n  t empera tu re  i f  t h e  t ime-sca l e  -1s l e s s  t h a n  the  i o n - e l e c t r o n  

ene rgy  r e l a x a t  i o n  t i m e  . 
I n  t h e  a n a l y s i s  of s t e l l a r  spectra  one g e n e r a l l y  employs a 

s e l f - c o n s i s t e n t  model atmosphere a n a l y s i s  which u s u a l l y  i n c l u d e s  

t h e  c o u p l e d  e q u a t i o n s  of  h y d r o s t a t i c  e q u i l i b r i u m  and r a d i a t i v e  

t r a h s p o r t .  The f l u i d  a s p e c t s  o f  the  0-pinch problem i s  compl ica ted  

7 .  K .  Hain and A .  C .  Kolb, Nuclear Fus ion ,  1962 Supplement,  
P a r t  2 ,  p .  561 

8. The importance of  shock h e a t i n g  i s  d i s c u s s e d  more f u l l y  i n  

A .  C .  Kolb, Comments on t h e  Fast Magnetic Compression o f  

Plasmas, Proceedings  o f  t h e  1962 Univ.  o f  Michigan Summer 

Conf.  On Neutron Phys ic s ,  Boyne Mountain, Mich. ( i n  p r e s s )  c 
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by t h e  n e c e s s i t y  of t a k i n g  i n t o  account  t h e  dynamic behavior  

i n  t h e  p resence  of s t r o n g  magnetic f i e l d s .  I n  any c a s e ,  t he  

hydromagnet ic  t h e o r y  d e s c r i b e d  above p r o v i d e s  t h e  "mode 1 

atmosphere"  f o r  l a b o r a t o r y  a s t r o p h y s i c s ,  i n  ana logy  t o  t h e  

more familiar methods of convent iona l  a s t r o p h y s i c s .  

RADIATION LOSS TERM'+ 

I n  t he  s o - c a l l e d  corona regimes,  where c o l l i s i o n a l  

d e - e x c i t a t i o n  i s  unimpor tan t ,  t h e  c o l l i s i o n a l  e x c i t a t i o n  t i m e  

o f  bound s t a t e s  from t h e  ground s t a t e  o f  an  i m p u r i t y  i o n  i s  

l a r g e  compared t o  the  decay t ime due t o  spontaneous  e m i s s i o n ,  

I n  t h a t  c a s e  (which co r re sponds  t o  the  s ta te  of affairs i n  

a h igh- tempera ture  8 -p inch) ,  the  r a d i a t i v e  power ( p e r  r a d i a t o r )  

i n  a s i n g l e  resonance l i n e  i s  g iven  by t h e  c o l l i s i o n a l  

e x c i a t i o n  ra te  m u l t i p l i e d  by t h e  photon e n e r g y .  

9 .  G .  E l w e r t ,  2 Natur  f .  -9 7a 432 (1952) 

* The d i s c u s s i o n  i f i  t h i s  s e c t i o n  has no new f e a t u r e s  and i s  

on ly  inc luded  t o  ass i s t  i n  the  d i s c u s s i o n  of t h e  f i n a l  

r e s u l t s .  

5 
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.where Ne i s  t h e  e l e c t r o n  number d e n s i t y ,  aln i s  t h e  

c r o s s - s e c t i o n  f o r  e l e c t r o n i c  e x c i t a t i o n  of  t h e  s ta te  n 

from t h e  ground s ta te ,  v i s  t h e  e l e c t r o n  v e l o c i t y ,  E l n  
d 

i s  t h e  e x c i t a t i o n  ene rgy  measured from t h e  ground s ta te  and 

- a v  d e n o t e s  an  average  ove r  t h e  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n .  

Because o f  t h e  s h o r t  e l e c t r o n  c o l l i s i o n  times (compared to 

t h e  e x p e r i m e n t a l  t imes) ,  a Maxwelliam v e l o c i t y  d i s t r i b u t i o n  can 

be assumed. The c r o s s - s e c t i o n  can  be e s t i m a t e d  i n  v a r i o u s  

ways 9 4,10~11 and i s  approximate ly3  

where f l n  i s  t h e  u s u a l  a b s o r p t i o n  o s c i l l a t o r  s t r e n g t h .  The 

I ave rage  i n d i c a t e d  i n  (l), u s i n g  ( 2 ) ,  y i e l d s  

10.  M .  J .  S e a t o n ,  Ch.11 i n  "Atomic and Molecular  P r o c e s s e s "  

e d i t e d  by D .  R .  Bates (Academic Press,  New York, 1962). 

11. M .  G r y z i n s k i ,  Phys.  Rev. 115, 374 (1959).  

6 



. .  where i n  ( 3 b )  T '  i s  t h e  e l e c t r o n  tempera ture  e x p r e s s e d  i n  
r 

e l e c t r o n  v o l t s .  One n o t i c e s  t h a t  t h e  ene rgy  Ein c a n c e l s  

i n  t h e  c o e f f i c i e n t  t o  t h e  e x p o n e n t i a l  term. F o r  t h i s  r e a s o n  

t h e  r a d i a t i o n  l o s s  ra te  does  no t  depend s t r o n g l y  on t h e  

r a d i a t i n g  i o n i c  spec ie s .  T h i s  can be demonst ra ted  numer i ca l ly  

by c o n s i d e r i n g  oxygen as a n  example. The ene rgy  of  t h e  

f i r s t  e x c i t e d  s ta tes  of  t h e  oxygen i o n s  are: 
, 

Table 1 

S p e c i e s  El 9 I o n i z a t i o n  P o t e n t i a l  (ev) 
0 I V  16 77 

ov 20 114 

O V I  1 2  138 

O V I I  573 739 

O V I I I  653 871 

The O I V  th rough  O V I  spectrum w i l l  appea r  s u c c e s s i v e l y  f o r  

t e m p e r a t u r e s  i n  t h e  range -10-30 eV. S i n c e  EI2 i s  of t h e  o r d e r  

10-20 e V  f o r  a l l  these i o n s ,  t h e  power l o s s  depends on t h e  
1 -1/2 

f a c t o r  ( T  ) exp (-EL2/T1),which i s  0 .1  to w i t h i n  a f a c t o r  

two ove r  t h e  i n d i c a t e d  range of t empera tu res ,  where t h e  

v a r i o u s  s p e c i e s  e x i s t  i n  a p p r e c i a b l e  numbers a c c o r d i n g  to 

t h e  model.  The s i t u a t i o n  i s  similar f o r  o t h e r  common impur i ty  

i o n s ,  f o r  plasma t e m p e r a t u r e s  o f  a f e w  t e n s  o f  e l e c t r o n  volts, 

s i n c e  t h e  lowes t  l y i n g  l e v e l s  u s u a l l y  have an  ene rgy  o f  about  

1 0 e V .  Using e s t i m a t e d  f-numbers o f  a few t e n t h s  f o r  these  l e v e l s ,  

t h e  r a d i a t e d  power i s  approximately 
-1 9 

S r a d s l Q  N~ e r g / i m p u r i t y  ion/cm3- s e c  ( 3 c )  8 
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a t  h i g h e r  t empera tu res  (2 200eV), t h e  O V I I  and O V I I I  s p e c t r a  

, are s t r o n g l y  e x c i t e d ,  b u t  t he  a b s o l u t e  r a d i a t i o n  loss rate i s  

no t  much d i f f e r e n t  ( w i t h i n  f a c t o r s  of  2 o r  3 )  t h a n  g i v e n  by 

( 3 c )  s i n c e  t h e  c h a r a c t e r i s t i c  energy o f  t he  resonance  l i n e s  

i n c r e a s e s  as t h e  i o n i z a t i o n  i n c r e a s e s  due t o  t h e  higher  

t e m p e r a t u r e .  I n  making t h i s  l a t t e r  estimate one n o t e s  t h a t  t h e  

i o n i z a t i o n  p o t e n t i a l  and t h e  e n e r g i e s  Ein are comparable for 

O V I I  and O V I I I - t h i s  i s  no t  the  case  f o r  OV e t c .  (here  E 

Yl > 2 ) * .  

exci ted  s t a t e  dominates  because of t h e  large energy gap t o  t h e  

nex t  l e v e l  above the  f i rs t  e x c i t e d  s t a t e .  The re fo re ,  many 

O V I I  and O V I I I  l e v e l s  w i l l  be e x c i t e d  s t r o n g l y  by e l e c t r o n  

c o l l i s i o n s ,  and one would take t h e  e f f e c t i v e  f-number t o  be 

o f  t he  o r d e r  u n i t y ,  acco rd ing  t o  the f-sum r u l e .  Then ( 3 c )  

a p p l i e s  a l s o  t o  O V I I ,  O V I I I  w i t h i n  f a c t o r s  o f  two a t  t e m p e r a t u r e s  

of '  a f e w  hundred e V ,  which i s  also of  t h e  o r d e r  o f  u n c e r t a i n t i e s  

i n  t h e  magnitude o f  t h e  e x c i t a t i o n  c r o s s - s e c t i o n  and e f f e c t i v e  

f-number. 

if the  i o n i z a t i o n  r e l a x a t i o n  t i m e  

even  t h e  O V I I I  l i n e s  w i l l  beg in  t o  disappear as t h e  l a s t  remaining 

e l e c t r o n s  are  s t r i p p e d  o f f  and t h e  r a d i a t i o n  l o s s e s  w i l l  d rop  

sha rp ly .  T h i s  c o n d i t i o n  has no t  y e t  been demonst ra ted  for any 

l a b o r a t o r y  plasma. 

<<Eln)  1 2  
For these l a t t e r  species t h e  r a d i a t i o n  from t h e  f i rs t  

I f  t h e  t empera tu re  i s  h i g h  enough (&00-400eV) and 

2 expe r imen ta l  t imes,  t h e n  

* Here n l abe l s  t he  e x c i t e d  s t a t e s  and i s  n o t  n e c e s s a r i l y  t h e  

p r i n c i p l e  quantum number; n i n c r e a s i n g  w i t h  i n c r e a s i n g  

e x c i t a t i o n  e n e r g y .  9 
8 



* .  

Exper imenta l  Parameters  

The numer ica l  s o l u t i o n s  o f  t he  hydromagnetic e q u a t i o n s  

d i s c u s s e d  here app ly  t o  two exper iments .  One i s  a r e l a t i v e l y  

f a s t  compression experiment  a t  J f l l i c h ,  Germany, i n  which the  

i n i t i a l  impur i ty  l e v e l  was e s t ab l i shed  t o  be about  0.05% i n  

a deu te r ium plasma12,13. 

l o s s e s  are no t  expec ted  ( u s i n g  Eqn. 3 )  t o  be s e r i o u s  d u r i n g  

t h e  expe r imen ta l  times o f  l p s e c ,  However, w i t h  t h e  a d d i t i o n  o f  

5% ( i n  number d e n s i t y )  carbon t o  t h e  deuter ium,  t h e  measured 

e l e c t r o n  t empera tu re  dropped from 400 eV f o r  a pure  plasma t o  

150 e V .  The h e a t i n g  ra te  was observed t o  be about  1000 eV/psec 

wi thou t  the  a d d i t i o n  of ca rbon .  

Under these c o n d i t i o n s  t h e  r a d i a t i o n  

The o t h e r  exper iment  f o r  which c a l c u l a t i o n s  have been 

ca r r i ed  ou t  cor responds  t o  a r e l a t i v e l y  s l o w  compression,  

u t i l i z i n g  t h e  megajoule c a p a c i t o r  bank a t  NRL1*. 

p e r c e n t  i m p u r i t y  (mainly oxygen) the discharge i s  r a d i a t i o h  

With a few 

12. P .  Bogan, E .  H in tz ,  J .  S c h l u e t e r ,  "The I n f l u e n c e  of 

i m p u r i t i e s  on the  E l e c t r o n  Temperature and S o f t  X-ray 

I n t e n s i t y  a t  High Temperatures and D e n s i t i e s , ' '  Tagung 

d e r  Deutchen Phys ika leschen  Gese l l schaf t ,  S t u t t g a r t  . (1962) 

13 .  P. Bogen, E. Hin tz ,  J .  S c h l u e t e r ,  "Comparison of Theta  

P inches  w i t h  B i a s  F i e l d s  of D i f f e r e n t  P o l a r i t y "  Am.  Phys.  

S O C .  Div.  of  P lasma Phys ic s  Annual Meeting, A t l a n t i c  C i t y ,  

N .  J .  (Nov. 1962) .  

14. A .  C .  Kolb, H .  R .  G r i e m ,  W .  H .  Lupton, D . T .  P h i l l i p s ,  

S .  A .  Ramsden, E .  A .  McLean, W .  R .  F a u s t ,  M .  Swar t z ,  Nuclear  

F u s i o n ,  1962 Supplement Part 2, p .  553. 1 0  
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, 

l i m i t e d ,  r e a c h i n g  300-400 e V  f o r  a f e w  microseconds  n e a r  

peak c u r r e n t .  With b e t t e r  vacuum c o n d i t i o n s  ( t h e  a b s o l u t e  

i m p u r i t y  l e v e l  i s  n o t  y e t  known but  i s  estimated t o  be o f  t h e  

o r d e r  0.1% o r  l e s s )  t h e  e l e c t r o n  t empera tu re  r e a c h e s  about  

1000 e V .  I n  b o t h  t h e  fas t  and s l o w  expe r imen t s ,  t h e  e l e c t r o n  

t e m p e r a t u r e  t h e r e f o r e  v a r i e s  by f a c t o r s  of  about  t h r e e  , depending 

on t h e  i m p u r i t y  c o n c e n t r a t i o n .  The o b j e c t  o f  t h e s e  numer i ca l  

s t u d i e s  i s  t o  de te rmine  whether t h e  r a d i a t i o n  l o s s e s  by o p t i c a l l y - t h a n  

r e sonance  l i n e s  can  q u a l i t a t i v e l y  account  f o r  t he  a v a i l a b l e  

o b s e r v a t i o n s  o f  r a d i a t i o n  l i m i t e d  d i s c h a r g e s .  

Table  2 
11 

Parameters of  the  NRL and J u l i c h  e x p e r i m e n t s .  

11 

J u l i c h  NRL 

B o i l  l e n g t h  10 ern 180 cm 

I n i t i a l  P lasma 
r a d i u s  

1.8 em 4 . 4  cm 

*,ax 60 k,G 80 kG 

Q u a r t e r  p e r i o d  1 psec 15 psec 

V o l t a g e  23 kV 20 kV 

Implos ion  t i m e  0.15 psec 0.8 psec 

I n i t i a l  p r e s s u r e  D2 0 . 1  T o r r  0.02-0.05 T o r r  

10 
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Numeric a1 R e  s u l  t s 

( A )  J u l i c h  Experiment 

The d a t a  was o b t a i n e d  b o t h  wi th  a n  i n i t i a l  t r a p p e d  

r e v e r s e  f i e l d  of  -1000Gand w i t h  a low p a r a l l e l  f i e l d  o f  

+ l O O : G ,  The f i n a l  e l e c t r o n  t empera tu res  observed i n  b o t h  

c a s e s  were comparable .  

F i g u r e s  1, 2 show t h e  c a l c u l a t e d  e l e c t r o n  t empera tu re  

on t h e  axis as a f u n c t i o n  o f  t i m e .  During t h e  i n i t i a l  implos ion  

t h e  r i s i n g  t empera tu re  i s  n o t  s t r o n g l y  i n f l u e n c e d  by t h e  a d d i t i o n  

o f  ca rbon  s i n c e  t h e  times are t o o  s h o r t  t o  r a d i a t e  a s i g n i f i c a n t  

amount of ene rgy ,  i . e .  t h e  J o u l e  h e a t i n g  ra te  i s  large compared 

t o  t h e  r a d i a t i o n  l o s s  ra te  a t  lower t e m p e r a t u r e s  when the 

r e s i s t i v i t y  i s  h igh .  However, a t  l a t e r  t imes t h e  r a d i a t i o n  l o s s  

ra te  exceeds t h e  h e a t i n g  rate and the  e l e c t r o n  t empera tu re  

f a l l s .  Also  one n o t i c e s  t h a t  t h e  r a d i a t i o n  l o s s e s  t e n d  to damp 

t h e  hydromagnetic o s c i l l a t i o n s .  I n  F igu re  2 ,  t he  t r a p p e d  

magnet ic  f i e l d  ontheaXi.S IS PloWed. 

l o s s e s  from added carbon t h e  r e s i s t i v i t y  i s  some f i v e  times 

larger  t h a n  f o r  a pure  plasma s o  t h a t  the  i n t e r n a l  f i e l d  decays  

With e x c e s s i v e  r a d i a t i o n  

more r a p i d l y .  

The i o n  t empera tu re  f o r  &e 300 G i s  shown i n  F i g u r e  3 .  

The r a d i a t i o n  l o s s e s  do n o t  cool  i o n s  n e a r l y  as much as t h e  

e l e c t r o n s  s i n c e  the  i o n - e l e c t r o n  r e l a x a t i o n  t i m e  i s  l o n g e r  t h a n  

t h e  e x p e r i m e n t a l  t imes  w i t h  e l e c t r o n  d e n s i t i e s  of t h e  o r d e r  

1017 C M ' ~  a t  t empera tu res  o f  a f e w  hundred e l e c t r o n  v o l t s .  

11 



The r a t i o  of  t h e  e l e c t r o n  and i o n  t e m p e r a t u r e s  ( F i g .  4) 

i s  greater  t h a n  u n i t y  throughout  t h e  d i s c h a r g e  i f '  r a d i a t i o n  

l o s s e s  are n e g l i g i b l e .  The Jou le  l o s s e s  due t o  h i g h  c u r r e n t  

d e n s i t i e s  (up t o  350 KA a t  0 .5psec )  p r e f e r e n t i a l l y  h e a t  t h e  

e l e c t r o n s  i n  t h i s  case.  However, w i t h  5% carbon,  t h e  

r a d i a t i v e  l o s s e s  of -20 megawatts /cd exceed t h e  J o u l e  

h e a t i n g  rate o f  -7 megawatts/cm3and t h e  e l e c t r o n s  are c o o l e d .  

Accordingly,  i n  f a s t  magnet ic  compression exper iments  w i t h  a 

f e w  p e r c e n t  impur i ty ,  a n  observed r a t i o  Te/Ti<l cou ld  be 

i n t e r p r e t e d  as p r e f e r e n t i a l  e l e c t r o n  c o o l i n g  rather t h a n  

p r e f e r e n t i a l  i o n  h e a t i n g .  

The c a l c u l a t e d  r a d i a l  d i s t r i b u t i o n  o f  the e l e c t r o n  temp- 

e r a t u r e  and magnet ic  f i e l d  n e a r  maximum compression f o r  t h e  

Bz0=+100 and -1000 gauss  c a s e s  are shown i n  F i g s ,  5, 6 .  Here 

one obse rves  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n s  w i t h  

and wi thout  added i m p u r i t i e s .  The e x t e r n a l  magnet ic  f i e l d  

p e n e t r a t e s  f u r t h e r  i n t o  t h e  plasma column i f  t h e  d i s c h a r g e  i s  

r a d i a t i o n  l i m i t e d .  I n  t he  r e v e r s e  f i e l d  c a s e ,  t h e  f i e l d  r e v e r s a l  

o c c u r s  ove r  a few mi l l imeters  near  t h e  axis  and it  i s  i n t e r e s t i n g  

t o  n o t e  t h a t  a small magnet ic  pr'obe, w i t h  a diameter of  a 

m i l l i m e , t e r  o r  two, could  no t  be expec ted  t o  y i e l d  s i g n i f i c a n t  

i n f o r m a t i o n  on t h e  e x i s t e n c e  of  a t r a p p e d  r e v e r s e  f i e l d  n e a r  

c u r r e n t  m a x i m u m .  

The r a d i a l  p o s i t i o n  of  t h e  maximum c u r r e n t  d e n s i t y  ( o r  

e l e c t r o n  d e n s i t y  ) c o i n c i d e s  w i t h  t h e  p o i n t  of  f i e l d  r e v e r s a l  

12 



withBt ,=- lOOO g a u s s  and i s  shown i n  F i g .  7 .  

c a l c u l a t i o n s  , t h e  o v e r a l l  dynamic b e h a v i o r ,  as observed  w i t h  

a s t r e a k  camera f o r  i n s t a n c e ,  should  be roughly  the  same i n  

t h e  two c a s e s .  The c a l c u l a t e d  f i n a l  e l e c t r o n  t e m p e r a t u r e s  

o f  -450 e V  (pu re  c a s e )  and -140 ev (5% added c a r b o n )  co r re spond  

c l o s e l y  to t h e  e x p e r i m e n t a l  v a l u e s  which i n d i c a t e s  tha t  

o r d i n a r y  c o l l i s i o n a l  d i s s i p a t i o n  a t  h i g h  c u r r e n t  d e n s i t i e s  

( d e s c r i b e d  by t h e  t r a n s v e r s e  S p i t z e r  r e s i s t i v i t y )  c a n  accoun t  

f o r  most o f  ibhe e l e c t r o n  h e a t i n g .  One can  a l s o  conclude  t h a t  

t h e  obse rved  r a d i a t i o n - l i m i t e d  t empera tu re  seems to be connected  

w i t h  resonance  r a d i a t i o n  from CV and CV1 l e v e l s  w i t h  e x c i t a t i o n  

e n e r g i e s  between 300 and 400 e V .  

According to these 

The g e n e r a l  s i m i l a r i t y  o f  t h e  t ime-dependence of  t h e  

e l e c t r o n  t e m p e r a t u r e s  w i t h  a low p a r a l l e l  f i e l d  ( h i g h  i n i t i a l  p )  

and a r e v e r s e  t r a p p e d  f i e l d  shows tha t  a r e v e r s e  f i e l d  i s  not 

n e c e s s a r y  f o r  producing  h i g h  e l e c t r o n  t e m p e r a t u r e s ,  as was 

s u s p e c t e d  ear l ie r .  I n  b o t h  c a s e s  r e s i s t i v e  d i f f u s i o n  leads 

to a b o u t  the  same h e a t i n g  ra tes .  However, w i t h  a low p a r a l l e l  

t r a p p e d  f i e l d  one can  expec t  t h e  end l o s s e s  to be more i m p o r t a n t .  

End l o s s e s  w i l l  be i n h i b i t e d  by c l o s e d  f i e l d  l i n e s  a t  t he  e n d .  

o f  the  plasma column i f  there  i s  a r e v e r s e  t rapped f i e l d .  

I n  t he  s low compression c a s e ,  t he  h e a t i n g  r a t e  i s  low 

(here the  c u r r e n t  d e n s i t i e s  are -70 KA/cm2) compared to t h e  

r a d i a t i o n  loss ra te  even  d u r i n g  the  implos ion  ( F i g s .  8,g). 

1 3  



Temperature  d i f f e r e n c e s  o f  t h e  o r d e r  th ree  are c a l c u l a t e d  f o r  

pu re  deu te r ium and deu te r ium w i t h  2% added oxygen. 

The r a d i a t i o n  l o s s e s  suppres s  t h e  s t r o n g  t e m p e r a t u r e  

g r a d i e n t s  ( F i g .  8 )  due. t o  t h e  converg ing  shock wave which i s  

r e f l e c t e d  a t  the  ax is .  

The r a d i a t i o n  l o s s e s  a r e  mainly due t o  OV and O V I  i o n s  

a t  e a r l y  t imes.  After t he  i o n i z a t i o n  o f  OVI i s  comple te ,  

t h e  r a d i a t i o n  l o s s e s  w i l l  t h e n  be small u n t i l  t he  t e m p e r a t u r e  

r ises € o - a b o u t  200 e V ,  when the 573 e V  resonance  l i n e  o f  O V I I  

w i l l  r a d i a t i o n  l i m i t  t he  t empera tu re  t o  -300 e V .  The r a p i d  

b u i l d - u p  and decay of t h e  OV r a d i a t i o n  i s  shown i n  the  o s c i l l o g r a m  

( F i g .  10). After a few microseconds t h e  r a d i a t i o n  from O V I  w i l l  

p r edomina te .  The q u a l i t a t i v e  behav io r  of t h e  observed  t i m e  -dependence 

ov OV l i n e s  i n  t he  d i s c h a r g e  i s  as expec ted  from t h e  numer i ca l  

c a l c u l a t i o n s ,  

I n  g e n e r a l ,  the  observed  g r o s s  f e a t u r e s  o f  8-pinch 

d i s c h a r g e s  can  be d e s c r i b e d  by the  hydromagnet ic  t h e o r y ,  i n c l u d i n g  

Corona - l ike  r a d i a t i o n  e f f e c t s .  However, a detai led comparison 

between t h e  t h e o r y  and exper iment  has not  yet  been  made. Such a 

compar ison  would r e q u i r e  c a r e f u l  space  and t i m e - r e s o l v e d  vacuum 

u l t r a v i o l e t  measurements of l i n e s  from d i f f e r e n t  i o n s ,  Such 

measurements are i n  p r o g r e s s .  
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F I G U R E  CAPTIONS 

F i g .  1 E l e c t r o n  tempera ture  on axis  w i t h  and wi thout  added 

F i g .  2 T, and B, On a x i s .  Bzo = +lo0 G .  ( J u l i c h )  

carbon i m p u r i t y .  BZo = +lo0 G . ( J u l i c h )  
1 ,  

F i g .  3 Ion  t empera tu re  on axis  a d m a  n e t i c  f i e l d  a t  t h e  
wall f o r  BZo = +lo0 G .  ( J h i c h $  

F i g .  4 I o n - e l e c t r o n  tempera ture  r a t i o  on a x i s  w i t h  and 

F i g .  5 R a d i a l  t empera tu re  and f i e l d  d i s t r i b u t i o n s .  

w i thou t  added i m p u r i t y .  ( J d l i c h )  

B Z o  = +lo0 G .  ( J k i c h ) .  

F i g .  6 R a d i a l  t empera tu re  and f i e l d  d i s t r i b u t i o n s .  
Bzo = -100 G .  ( J f l l i c h ) .  

F i g .  7 R a d i a l  motion of t h e  p o i n t  i n  t h e  plasma where t h e  
i n t e r n a l  f i e t d  changes s i g n  and t h e  d e n s i t y  i s  a 
maximum. ( J u l i c h  ) . 

F i g .  8 E l e c t r o n  tempera ture  at t h e  p o i n t  of  maximum d e n s i t y  
as a f u n c t i o n  of time w i t h  and wi thou t  oxygen 
i m p u r i t i e s .  ( N R L )  . 

F i g .  9 R a d i a l  d i s t r i b u t i o n  of  t he  e l e c t r o n  t empera tu re  and 
magnet ic  f i e l d  on t h e  a x i s  a t  t h e  t i m e  of  maximum 
compression d u r i n g  t h e  f i r s t  implos ion .  (NRLI. 

Osc i l logram o f  OV 2781 8 as d i s c u s s e d  i n  t e x t .  ( N R L ) .  F i g . 1 0  
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